Abstract-A strategy for grid power peak shaving and valley filling using vehicle-to-grid systems (V2G) is proposed. The architecture of the V2G systems and the logical relationship between their sub-systems are described. An objective function of V2G peak-shaving control is proposed and the main constraints are formulated. The influences of the number of connected EVs and the average value of the target curve are analyzed. The rms and the standard deviation of the difference between the target and planned curves are proposed as indices for measuring the degree of matching between the two curves. The simulation results demonstrate that peaking shaving using V2G can be effective and controllable, and the proposed control algorithm is feasible.
I. INTRODUCTION
E NVIRONMENTAL pollution and energy shortages have made electric vehicles (EV) with low noise, zero emission, and high efficiency an inevitable choice for vehicular sustainable development. In addition to the aforementioned advantages, EVs have the potential to provide other benefits within smart grids as part of a vehicle-to-grid (V2G) system [1] - [3] . V2G can help improve the reliability and stability of the grid, alleviate power shortages, reduce air pollution, and improve overall system efficiency [4] - [6] . For example, they can play an important role in helping to balance supply and demand by valley filling and peak shaving. The EV batterypack can be charged at night during low demand. The stored power can be fed power back into the grid during high-demand periods, thus helping to stabilize the grid's voltage and frequency, and providing a spinning reserve to meet sudden power demand changes. V2G may also be used to buffer renewable energy sources, such as wind turbine generators, by storing excess energy produced during windy periods, and feeding it back into the grid during high-load periods, thus effectively stabilizing the intermittency of wind power [7] - [13] .
Traditionally, the electrical system infrastructure is designed to meet the highest level of demand; therefore, the system during off-peak periods is typically underutilized [14] . But in large industrial cities, the demand peak-valley gap can be as high as 40%-50% [15] , [16] , and peak shaving and valley filling are necessary to reduce the cost of system infrastructure and improve its utilization. Compared with other peak-shaving and valley-filling methods, V2G can be a more economical and effective solution, with the added advantage of rapid response to the grid-demand variations. This paper proposes a V2G control algorithm for peak shaving and valley filling, taking into account vehicle requirements and load demands and considering EV and V2G constraints. An objective function of V2G peak-shaving and valley-filling control is proposed and the main constraints are formulated. The influences of the number of connected EVs and the average value of the target curve are analyzed using computer simulations.
II. PEAK SHAVING AND VALLEY FILLING USING V2G
A. General Control Strategy of V2G Fig. 1 shows a block diagram of a V2G system. Power is measured using a smart meter. Bidirectional charge/discharge devices, connected in parallel to the ac bus, are used for energy conversion. During power transmission, the data, which include EV charging time, charging capacity, power demand, and EV number connected with the grid and so on, are exchanged within each part of the V2G system. It allows EVs to charge with demand on one hand; some of the connected EVs can also feedback electricity to the grid in power peak on the other hand. The energy flow is multiformat, multidirection, and time-varying. The smart meter can calculate the kilowatt-hours of charge and discharge of every EV. The EV owners and the operators of the grid can settle accounts according to the values. Therefore, the 0885-8977/$31.00 © 2013 IEEE EVs not only can be the power consumer, but they can also be the supplier under this mode. The price of charge and discharge in the different period of the entire day can become the effective measure for shaving peak and filling valley.
The information exchange in a V2G system is complicated and Fig. 2 shows the logic of the data exchange. The bidirectional charge/discharge devices integrate the information of the connected EVs and then give it to the V2G control system. All of the data are sent to the smart-grid control center. The smart-grid control center issues commands to the V2G control system based on the principle of optimal energy distribution, and then the V2G control system sets the charge or discharge power command of every bidirectional charge/discharge device according to the states of the connected EVs and the general charge and discharge demand [17] , [18] . The grid can also send commands to the V2G control system directly in an emergency, for example, the connected EVs are requested to work as an uninterrupted power supply (UPS).
B. Objective Function
In a V2G system, the energy storage resources used for peak shaving and valley filling are aggregated from numerous EV battery packs connected with the grid randomly. It is a timevariant random and complicated system [19] , [20] . The V2G control system can predict the general available capacity and charging demand in real time according to the parameters of the connected EVs, and the smart-grid control center can determine the charge and discharge targets according to the load demand and data on available V2G capacity.
The forecast load curve can be established using statistical analysis of historical data, extrapolation methods, time-series method, Gray theory method, or artificial-neural-network methods [21] - [23] . In this paper, we assume that the forecast load curve is known. An optimal target load curve (i.e., a desired load curve incorporating peak shaving) can be obtained based on a grid configuration in a certain operation cycle. When the forecast load curve and the target load curve are known, a maximum-likelihood strategy is applied to produce a peak-shaving V2G plan. That is to say, the load curve incorporating V2G peaks shaving is close to the target load curve. To serve EVs within the V2G system and improve the load curve, the key step is to determine the EV's available time and power. Therefore, an objective function is established as (1) where is time; is the number of a V2G service area; is the forecast load value, determined from historical power usage; is the target load value, derived from the states of load and vehicles; and is the available power for peak available from the V2G system, which is determined by the available vehicles involved in the V2G and their available battery capacity.
C. Constraints
A V2G system is fundamentally different from other devices used for peak shaving and valley filling in that it relies on batteries. Battery life is influenced by the depth of discharged, number of cycles, and charge/discharge rates among other factors. Consumers usually require the batteries to be fully charged in the shortest period of time as possible to increase the vehicle's autonomy. Both battery life and charging time are therefore major constraints in a V2G system. The maximum time for recharging a battery should be set as a tradeoff between the need of having a quick recharge as desired by the consumer, and participating in peak shaving as desired by the owners of the charge station and the grid. One could envisage incentive schemes that encourage consumers to allow the participation of their vehicles in the V2G system. The V2G system could also include a prioritizing system that considers the history of the battery usage, based on data recorded by the battery-management system for example, and set an appropriate charging time.
In addition to battery and consumer constraints, the peakshaving and valley-filling V2G system needs to comply with the following constraints: 1) Constraints on the power of EVs involved in the V2G system which can be expressed as follows: (2) where is a positive number equal to the maximum value of the total charge power from the grid to the connected EVs, and is a negative value equal to the maximum value of the total discharge power from the EVs connected to the grid. The aforementioned constraint limits the value of to be less than the maximum service capability of EVs, which is affected by traffic demand, and load power in area . Meanwhile, the value of cannot be more than the supply and demand of the grid. 2) Constraints on two-way current and power for each EV are represented as follows: (3) where is the vehicle's code, is the charge ratio, is the discharge ratio, is the available maximum charge ratio, is the available maximum discharge ratio, is the charge voltage, is the discharge voltage, is the charge current within the maximum charge ratio, is the current within the maximum discharge ratio , and is the available power of the EV. The current and power of each connected EV are limited by the batterypack. The maximum charge and discharge current cannot be more than the charge current and the discharge current . Besides the current, the power limit relies on the voltage of the EV batterypack under this charge and discharge current.
3) The constraints on the capacity for each EV batterypack are (4) where is the real-time capacity state, is the maximum value of SOC, is the minimum value of SOC.
is the maximum available capacity of the batterypack, is the available charge capacity in is the available discharge capacity in , and is the rated capacity of the EV batterypack. To ensure the batterypack's life and energy efficiency, the range of SOC is limited. The maximum available capacity is decided by the rated capacity and the difference between and . In the state of , the available charge or discharge capacity is limited by the second or the third expression in (4), respectively. 4) EV user-setting constraints are also important factors that affect the capability of V2G peak shaving. For transportation, EV should satisfy the driving demand first, which means the EV user may set the upper and lower limits of SOC and the special period in which the EV can be involved in V2G system. The EV user set parameters can be represented as follows: (5) where and are the lower and upper limits of SOC set by the user, respectively. To ensure the safety and life of the EV batterypack, cannot be lower than , and the cannot be higher than . When the EV is connected to the grid, the state of EV is decided by these constraints. If is lower than , the EV needs to be preferably in the charge state. If is higher than , then the EV can enter into the discharge state. If is between and , the EV operating state is decided by the V2G control system according to the requirements of the V2G system. The user may set up the charging time and period, during which EV can be involved in the V2G service according to his or her own demand. But besides the constraints of the EV's application requirement, the user may also be influenced by electricity tariffs during the day (6) where is the start set point for charging, and the charging time is usually unlimited before SOC reaches the maximum value, and and are the start and end set point for EVs to be involved in the V2G system.
D. Peak-Shaving Control Process
The V2G control system makes a plan on the basis of the daily target load and the states of the connected EVs. The final result is a V2G plan curve, and the objective of peak-shaving control is to match the plan curve to the target curve within the limits of error, using the bidirectional charge/discharge devices to distribute the load power according to the constraints mentioned before. Fig. 3 illustrates the general control and decision-making process. Initially, the input is the forecast grid load curve, the target curve, and the forecast-available charge and discharge power curve of the connected EVs. When the grid requires the power peak to be shaved and the connected EVs are able to provide enough power, the process of peak shaving and valley filling can be started by the V2G system. Otherwise, other measures will need to be used to control the supply and load. Fig. 4 shows the realization of the detailed V2G plan curve. The forecast load curve and the target load curve are assumed to be known. The output result, the V2G plan curve, is acquired through the smart-grid control center and the V2G control system. The constraints mentioned before, such as EV number, the device's state, batterypack's capacity, and so on, have to be considered.
As shown in Fig. 4 , the solution for the V2G plan curve begins from the judgment of the charge or discharge state of the battery.
1) Consider the case of , at time when the vehicles are in the discharge state. If , which means that the grid demand is less than V2G-available maximum discharge power, the actual discharge power is , which is equal to the actual grid demand. If , which means the grid discharge demand is greater than or equal to V2G-available maximum discharge power, the actual discharge power is , that is, the maximum value of available power from the EVs within the V2G system. 2) Consider the case of , at time , when the vehicles are in the charging state. If , which means the charge demand of EVs is less than the grid available maximum power, the charge power is then , which is equal to the actual power demand of EVs. If , which means the charge demand of EVs is greater than or equal to the grid available maximum charge power, the charge power is , which is the maximum charge power from the grid. In this condition, EVs begin to charge, in turn, according to the priority of connecting to the grid.
3) When
, there is no energy exchange between the grid and EVs at in area , which means 0. When the calculation is finished at is added and the calculations are repeated for the next time step, if the end of the V2G peak-shaving and valley-filling operation has not been reached. The V2G planning curve can be exported in real time.
III. DEVELOPMENT OF THE SIMULATION SYSTEM

A. Solution Process of the V2G Plan Curve
Since there are no available test sites of V2G systems, the algorithm just shown is tested using simulations. The numbers of all kinds of vehicles are scaled down on the basis of the average proportions based on data available in some cities [21] , [24] , [25] . The vehicles are assumed to be pure electric vehicles, and not including plug-in hybrid electric vehicles as assumed in most references [1] , [5] , [9] , [8] , [13] , [18] . It is assumed that 5% of all passenger cars are electric vehicles. Municipal vehicles, such as sanitation trucks and logistics vehicles, and public traffic vehicles are all assumed to be EVs. The EV parameters are shown in Table I .
With regards to the distribution of operation times, public traffic vehicles are assumed to mainly operate in the daytime. Municipal trucks are assumed to operate mostly at night, and the passenger cars are assumed to be used mainly during day working hours, particularly during the rush hours. The maximum V2G-available power can be estimated on the basis of the EV operation demands and the EV batterypack capacity as shown in Table II .
In Table II the charging proportion is the proportion of the parked and charging EVs at specific times, and the discharging proportion is the proportion of EV that can feed power into the grid. The proportion values are estimated from data parking proportion in specific areas [21] , [24] , [25] , taking into account EV grid characteristics. For example, some EVs can feed power into the grid at night, but at this time, the grid is in the valley time and does not need the power. Power flows between EVs through the grid are not considered in this paper.
The forecast load curve in this paper was scaled down according to the urban power load in one day. The time distribution and trend obey the practical load curve, and the target curve is designed with the consideration of the grid efficiency, EV operation and its power, and the time-of-use power, etc. [15] , [16] . The two curves are shown in Fig. 5 . The valley-filling demand is about 23:00 P.M. to 7:00 A.M. The maximum peak-shaving value is about 10% of the general power load at 10:00 A.M.
The charge and discharge power of the connected EVs was simulated using Matlab according to the control process described in Fig. 3 and aforementioned constraints and assumed conditions. As an example, the output value at 1:00 is analyzed as follows. The forecast load value is obviously less than the target load value . That is to say, the grid is in the valley time and its spare power can charge the EVs. The absolute value of the difference between the and is 120 MW, which is the max power value of the grid supply. At the same time, the max charging demand is 217.23 MW as shown in Table II . According to the control process and the first boundary condition in 2.3, the charging power should be limited to 120 MW. The target value and the V2G plan value are the same in this time too. The other boundary conditions are mainly about how to distribute the power in different EVs.
The total output is shown in Fig. 6 where positive power means charging and the negative value means discharging. Valley filling mainly occurs at 23:00 P.M. to 7:00 A.M. and peak shaving occurs between 8:00 A.M. to 12:00 A.M. and 14:00 P.M. to 16:00 P.M. The maximum shaved power is more than 100 MW, which is approximate 9% of the maximum power load. Fig. 7 . Effect of the number of connected EVs on peak shaving and valley filling.
Fig. 5 also shows a comparison between the target curve and the V2G plan curve. It can be seen that the V2G plan curve is close to the target curve. The obvious difference occurs between 19:00 P.M. to 21:00 P.M. because of the small number of connected EVs. The period of the peak value shifts from morning at 10:00 to evening at 20:00 according to the V2G plan curve. Table III shows a comparison between the characteristic values before and after the peak shaving. In general, the peak value decreases 10 MW, and the valley value increases 95 MW. The difference between the peak and valley is obviously reduced, and the value of peak-valley gap is decreased by about 50%.
B. Effect of EV Numbers on Peak Shaving
The aforementioned simulations were carried out on the basis of the maximum number of connected EVs and the maximumavailable powers. However, the vehicles connect to the grid randomly and the available power is not constant. Therefore, the total available power of the V2G may be smaller than the presumed one, which affects the peak-shaving results. More simulations were therefore carried out for such conditions that 90%, 70%, 60%, 50% and 30% of these vehicles are available to participate in V2G. The results are shown in Fig. 7 . Table IV the target curve and the achievable load curve, especially during the peak and valley periods, as expected.
The rms and the standard deviation of the difference between the target curve and the V2G plan curve are calculated using the following formulae: (7) (8) where is the difference between the target curve and the V2G plan curve at time , that is, is the mean value of , that is, . The difference in square root cannot detect extreme values of , and the standard deviation cannot detect similar but parallel curves as illustrated. Examples of these special cases are shown in Fig. 8 .
The rms and the standard deviation for different EV numbers are shown in Table V . It shows that the two evaluation indices are increased along with the decrease of EV numbers. The changes of the two indices are small when the connected EVs are more than 70%. However, the two indices increase significantly when the EV numbers are less than 70%. It also shows that the corresponding values of the two evaluation indices are very close, which illustrates that the two special cases in Fig. 8 did not occur.
C. Effect of the Target Curve on Peak Shaving
Assuming that the number of EVs is constant, simulation results assuming different target curves are shown in Fig. 9 . The target powers are 60%, 80%, 90%, 100%, 110%, 120%, and 140% of the original values of the target curve from bottom to top, respectively. The rms and the standard deviation of the difference between the target and plan curves are shown in Table VI. It is clear that the capability of peak shaving increases with the decrease in power of the target curve.
D. Technical Implementation Methods for Peak Shaving
In accordance with the influencing factors analyzed before, it is unrealistic to increase the capacity of power supply by controlling the number of EVs connected to the grid, and it is also VI  CALCULATION RESULTS OF THE TWO ROOTS IN DIFFERENT TARGET CURVES  (*THE PERCENTAGE IS THE SPECIFIC VALUE OF THE POWER TO  THE ORIGINAL TARGET CURVE) unpractical to improve the forecast load curve by controlling the electricity using time. These two aspects can be realized by macroincentive policies of the electric power system, for example, by increasing the electricity using price and EV electric-supply price during the peak period, cutting down the EV electric supply price during the valley period. An important reason why EV users are not willing to connect EVs to the network is that the grid lacks a real-time energy supply and demand information, and the EV users have no acquaintance with the accurate onboard energy. Combining the V2G control strategy and information-exchange analysis in Part II, the prediction ability of EV onboard energy and driving mileage should be improved from a technical point of view. The communication between the EVs and wireless terminals (smart phone, Ipad, etc.) should be achieved through the wireless networks (GPRS, 3G, etc.), so that EV users will be well informed of onboard energy info and informed of electricity supply and demand info of the grid. Users will also be able to set and revise the time when EV connects to the grid, the time when EV is charged by the grid, the time when EV supports electricity to the grid, and some parameters like power through smart phones or some other devices. After all of the functions mentioned before are achieved, the target that EV users adjust their vehicles' onboard energy application strategy will be reached, so that the number of EVs that are willing to connect to the grid is increased, in which the power-supply capability is improved during peak hours. As shown in Fig. 5 , if users are real time informed that the EV number connected to the grid is too small and the grid needs some more electric energy during 19:00-22:00, and the electricity price is very high, the standby EV users will be very happy to connect their EVs to the grid just by setting some parameters through their smart phone. Then, the goal to optimize the allocation of resources, to shift loads, and to improve the grid quality is achieved.
IV. CONCLUSION
This paper describes peak-shaving and valley-filling control using a V2G system. The functions of each module and their logical relationship are described. Aiming at matching the target power curve and the V2G plan curve, an objective function of the peak-shaving and valley-filling control is proposed. The corresponding constraints on the connected EV numbers, the characteristics of the EV batterypacks, and the user set parameters are analyzed and formulated, and the peak-shaving and valley-filling control flow and logic operations are established.
A simulation system is developed based on available data for typical cities. The influences of the number of connected EVs and the target curve are analyzed quantitatively. With the increase of connected EVs' number or the decrease of the average target, the V2G plan curve becomes closer to the target curve, and the effectiveness of peak shaving and valley filling using the V2G system is increased. Considering the randomness of the connected EV numbers, the V2G system should be designed with redundant EV numbers in order to ensure the reliability of the V2G system.
The rms and the standard deviation, of the difference between the target and planned curves, are proposed as two evaluation indices for the degree of matching between the target curve and the V2G plan curve The smaller the values of the two evaluation indices, the better the matching between the two curves. The simulation results suggest that good matching is achieved when the two indices are both under 10. The simulation results demonstrate that the V2G peak-shaving and valleyfilling control strategy and its constraints are reasonable and effective. If the EV number is large enough in the area, the V2G system can replace other peak-shaving and valley-filling methods completely.
